with a priori hypotheses focusing on the default-mode network (DMN) and sub-cortical structures. Dynamic connectivity was characterized using a sliding window approach over 126 temporal epochs, with standard deviation serving as the primary outcome measure. Finally, distribution-corrected z-scores (DisCo-Z) were calculated to investigate changes in connectivity in a spatially invariant manner on a per-subject basis. Following appropriate correction for multiple comparisons, no significant group differences were evident on measures of static or dynamic connectivity within a priori ICN. Reduced (HC > mTBI patients) static connectivity was observed in the DMN at uncorrected (p < 0.005) thresholds. Finally, a trend (p = 0.07) for decreased dynamic connectivity in patients across all ICN was observed during spatially invariant analyses. In the semi-acute phase of recovery, mTBI was not reliably associated with abnormalities in static or dynamic functional connectivity within the DMN or sub-cortical structures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The majority (60-80%) of the brain's energy resources are expended to maintain homeostasis, 3, 4 and intrinsic neuronal activity likely contributes to this heavy energy load. Intrinsic neuronal fluctuations manifest as low-frequency (less than 0.15 Hz) changes in the blood oxygen level dependent (BOLD) response, and are organized into distinct intrinsic connectivity networks (ICN) that closely resemble activity evoked during cognitive tasks. [5] [6] [7] Animal 8,9 and human models of chronic, more severe TBI 10 indicate disruption to various ICN following injury.
However, despite the large number of individuals who sustain a mild TBI (mTBI) each year, 11 the effects of mTBI on intrinsic activity have only recently been examined. To our knowledge, the nature of dynamic changes in intrinsic activity has yet to be investigated in mTBI.
The majority of fcMRI studies on TBI have focused on connectivity within and between the default-mode network (DMN), which includes both anterior (e.g., the rostral anterior cingulate cortex (rACC)/ventromedial prefrontal cortex) and posterior (e.g., posterior cingulate cortex (PCC), superior temporal/supramarginal gyrus and medial temporal lobes) nodes. 10, 12 Reduced fcMRI in the semi-acute stage of mTBI has been observed within the DMN using seedbased analyses, coupled with increased fcMRI between the rACC and ventrolateral prefrontal cortex. 13 Others 14 have reported reduced fcMRI in the posterior hubs (PCC and supramarginal gyrus) of the DMN in conjunction with increased fcMRI within the ventromedial prefrontal cortex using independent component analysis (ICA). Reduced DMN fcMRI has also been reported in recently concussed athletes, and an increased number of previous mTBI episodes predicted greater abnormality. 15 However, a subsequent study by the same group did not find any significant differences within DMN fcMRI unless a physical stress challenge was presented. 16 Connectivity abnormalities are not only seen within DMN, but also between the DMN and other networks in mTBI. For example, using ICA to examine resting-state fcMRI in blast-induced mTBI patients, Vakhtin et al. 17 found weaker functional connections within six network pairs (DMN-basal ganglia, attention-sensorimotor, frontal-DMN, attention-sensorimotor, attention-frontal, and sensorimotor-sensorimotor). In addition, abnormal fcMRI between the DMN, the task positive network (or the executive network), and the salience network has been found after TBI injury.
10,18
Disrupted interhemispheric fcMRI in mTBI patients has also been reported in the visual cortex, hippocampus and dorsolateral prefrontal cortex in task-based fcMRI analyses, 19 and similarly, decreased symmetry of fcMRI has been observed based on thalamic seeds. 20 Thalamic seed-based fcMRI has been used during both motor task and resting state, with reports of decreased thalamo-thalamo, thalamo-frontal, and thalamo-temporal fcMRI during resting state and a lack of thalmo-motor fcMRI during the motor task in mTBI. 21 Decreased fcMRI has been observed within the motor-striatal network and increased in the right frontoparietal network in the semi-acute injury phase, 22 with more chronically affected patients exhibiting disrupted fcMRI (both increased and decreased) across 12 different sensory and cognitive networks.
23
Longitudinal changes in fcMRI have also been described. In mTBI patients with postconcussion syndrome, increased fcMRI in temporal regions was seen at the subacute stage of injury, while decreased fcMRI in frontal regions was seen at the chronic phase. 24 Han et al.
25
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Materials and Methods

Participants
A total of 51 mTBI participants and 51 HC participated in a series of studies investigating neuronal correlates of semi-acute mTBI. Data from a subset (27 patients) of this cohort has previously been reported using seed-based analyses. 13 Inclusion criteria for the mTBI group were based on the American Congress of Rehabilitation Medicine, including a Glasgow Coma Score of 13-15 (at first contact with medical staff), loss of consciousness (if present) limited to 30 minutes in duration, and post-traumatic amnesia (if present) limited to 24 hours. All mTBI patients were recruited from local Emergency Rooms. mTBI and HC participants were excluded if there was a prior history of neurological disease, major psychiatric disturbance, additional closed head injuries with more than 5 minutes loss of consciousness, additional closed head injuries within the past year, learning disorder, ADHD or a history of substance or alcohol abuse/dependence. Three mTBI patients were identified as outliers (above 3 standard deviations) on at least 2/6 head motion parameters for frame-wise displacement relative to their cohort.
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These patients and their respective matched controls were subsequently excluded from further analyses, leaving a total of 48 mTBI (23 males; 28.3 +/-9.5 years old) and 48 HC (23 males;
27.9 +/-9.6 years old) participants. Informed consent was obtained from all participants according to institutional guidelines at the University of New Mexico . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y  /  N  o  t  f  o  r  D  i  s  t  r  i  b  u  t  i  o  n Patients were evaluated both clinically (mean day post-injury = 13.9 +/-4.9) and with brain imaging (mean day post-injury = 14.0 +/-5.3) within 21 days of injury (see Supplementary   Table 1 ). The maximum time between clinical and imaging sessions was 6 days, although it was typically much shorter (mean days between sessions = 1.3 +/-1.6 for mTBI patients). One mTBI patient and one HC were not able to complete neuropsychological testing due to scheduling difficulties during their first visit. Six of the mTBI subjects were being prescribed various medications for pain related to the accident at the time of their visit.
Clinical Assessment and Imaging Protocol:
The 
Image Processing
Functional images were generated and processed using a mixture of freeware and commercial packages. Raw time series images were first despiked (based on the median absolute deviation), temporally interpolated to correct for slice-time acquisition differences, motioncorrected in both two-and three-dimensional space, spatially blurred using a 6 mm Gaussian full-width half-maximum kernel, and then normalized to a 3 mm 3 standard stereotaxic coordinate space (Montreal Neurological Institute) using a non-linear algorithm. Mean frame-wise displacement (FD) was calculated across the 3 displacement parameters and 3 rotational motion parameters derived from the rigid body correction, with rotation converted to millimetres using a 50 mm radius sphere. Subject-specific spatial maps and component time-courses were estimated using dual A sliding window approach was adopted for dynamic fcMRI analyses, wherein correlations were computed from windowed portions of the component time-courses.
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Specifically, a tapered window was created by convolving a rectangle (width = 24 TRs) with a Gaussian (σ = 3 TRs) function, and slid in steps of 1 TR across all of the TRs. There were a total of 126 different windows in the current analyses (based on 149 initial images and a window width of 24). For each pair of components, the standard deviation across the sliding window correlation time series was then computed as a summary of temporal variability (dynamic Primary analyses were restricted to 16 ICN that were selected to represent the DMN and sub-cortical networks and compared component spatial maps, component spectra, static fcMRI, and dynamic fcMRI between groups. Voxel-wise ANCOVAs using WTAR and mean framewise displacement as covariates were utilized to compare spatial maps between mTBI and HC.
Group-wise comparisons of subject-specific spatial maps were individually corrected for false positives at p < 0.05 based on 10,000 Monte-Carlo simulations. Group comparisons of the power ratio (low/high frequency) across the 16 ICN were performed using a similar ANCOVA model, corrected for multiple comparisons using the Bonferonni method. Group comparisons of pairwise static and dynamic fcMRI between DMN and sub-cortical ICN (105 pairs each) were conducted with an ANCOVA model and corrected for multiple comparisons using False Discovery Rate (FDR).
Finally, we compared whether mTBI patients exhibited more extreme static or dynamic fcMRI relative to HC in a spatially invariant fashion. First, the mean and standard deviation were calculated for each pair-wise metric from the HC group. The individual pairwise correlations/standard deviations for both HC and mTBI groups were then transformed to signed z-scores using the statistical moments derived from the HC. The z-transformed data for both groups were then corrected for known distributional biases (hereafter referred to as distribution- negative summary measure) the HC mean were coded with a 1 and summed separately across positive and negative extremes. These single value summary statistics were then transformed by adding one to the count and taking the square root to improve normality. The transformed data were then directly compared across the two groups using WTAR and mean frame-wise displacement as covariates.
Results
Clinical Results
There were no significant group difference (p > 0.10) on key demographic variables (see Table 1 ) including hand preference. 38 Independent samples t-tests indicated that HC achieved higher estimates of premorbid intellectual functioning (t 94 = 2.9, p = 0.005) despite educational matching. Therefore, premorbid intelligence was used as a covariate for all analyses. One mTBI patient and two HC performed in the impaired range (T < 30) on the TOMM in spite of normal (within 1.5 SD of mean) performance on the remainder of the neuropsychological battery. The data for these participants was subsequently eliminated from the TOMM analysis, with results indicating no group differences (p > 0.10).
A MANCOVA comparing the domains of attention, processing speed, working memory, executive functioning and memory with premorbid intelligence as a covariate did not reveal any group differences in cognition (p > 0.10) with small to medium effects sizes ( Table 1) However, there were no gross lesions and findings were spatially variable across the complicated mTBI patients (see Supplemental Table 2 ).
Anatomical Imaging Results
Motion Parameter Analyses
Two MANOVAs (translations and rotations) were conducted to examine for differences in frame-wise displacement across the two groups. The multivariate effect of group was not significant in either analysis (p > 0.10), and none of the univariate analyses approached significance. However, given concerns about the effects of motion on resting state data, 34, 39, 40 total frame-wise displacement was used as a covariate for all group analyses.
Primary Analyses
All ICN, including spatial maps of the DMN (N=10) and sub-cortical (N=6) regions, are displayed in Figure 1A . Results from ANCOVAs comparing the spatial composition of these ICN indicated no significant differences between mTBI patients and HC following whole-brain correction for false-positives. Similarly, there were no significant differences between mTBI and HC when the low/high frequency power ratios were compared following Bonferroni correction for multiple comparisons (p < 0.003). There were no differences in pair-wise static fcMRI within the DMN and sub-cortical ICN following false positive correction using FDR ( Figure 1B ).
Separate static fcMRI matrices are presented for both controls ( Figure 1C ) and mTBI patients ( Figure 1D ).
There were no differences in dynamic fcMRI (variability) between HC and mTBI patients following FDR false positive correction within the DMN and sub-cortical ICN (Figure Figure 2C ) and mTBI ( Figure   2D ).
Finally, we also examined subject-specific abnormalities in pair-wise static and dynamic fcMRI between HC and mTBI across all ICN using the DisCo-Z method (i.e., the number of pairs that exceeded a DisCo-Z < -2 or DisCo-Z > 2). There were no differences between patients and controls in terms of static fcMRI (p > 0.10; Figure 3A ). However, results indicated a statistical trend (t = -1.81; p = 0.07; Figure 3B ) for a decreased number of positive pair-wise extremes for patients relative to controls during dynamic fcMRI analyses.
Exploratory Analyses
Exploratory analyses were performed to examine group differences in static and dynamic fcMRI between all ICN using more liberal statistical criteria (p < 0.005 uncorrected for multiple comparisons). Pair-wise comparisons of the 53 ICN resulted in a total of 1378 tests, which would results in approximately seven false positives given an alpha value of 0.005. Consistent with a priori predictions, mTBI patients exhibited decreased static fcMRI between the posterior cingulate cortex and the anterior cingulate/middle frontal gyrus of the DMN (see Table 2 ).
Increased fcMRI for mTBI relative to HC was also observed between mostly sensory ICN (6/8 pairs) including visual, auditory and sensorimotor networks as well as putamen. Increased fcMRI for patients was also observed between the right anterior insula and right inferior frontal gyrus and between bilateral pre-central gyrus and right inferior parietal lobule.
Similar exploratory analyses were conducted on metrics of dynamic fcMRI. Consistent with the DisCo-Z findings, results indicated decreased variability for mTBI patients (p < 0.005, uncorrected) relative to HC across 9 different ICN pairs, which predominantly involved either one or two cognitive control ICN (7/9 pairs; Table 3 ). The remaining two pairs that exhibited 
Supplementary Analyses
Two potential differences between current and previous ICA studies on semi-acute mTBI include our post-processing steps to remove motion artifact and our model order (100 components). Supplemental analyses were therefore conducted using minimal subject-specific In contrast, the current study did not observe any differences in low/high frequency power or static fcMRI in a moderate (N = 48) sample of semi-acutely injured mTBI patients relative to carefully matched controls, which could have been secondary to several factors. First, we utilized currently recommended best practices for removing the effects of head motion on our data, as this has been shown to reduce spurious findings in static fcMRI analyses. 34, 39, 40 However, data reanalyses without the more rigorous motion removal did not ultimately affect our results, suggesting that our efforts at artifact removal did not spuriously remove signal between the two groups.
Second, a high-dimensional ICA decomposition (100 components) was adopted for the current study, which ultimately results in a more fine-grained characterization of individual ICN relative to lower-dimensional solutions 6 ,28 (Supplemental Figure 1) . However, higher dimensional solutions by definition results in a greater number of ICN (i.e., 53 total for current (uncorrected p < 0.005), most of which occurred in the CCN (7/9 pairs; Figure 2B ). As with our unplanned analyses indicating increased static fcMRI in sensory cortex, these results also require independent replication by other groups.
There are several limitations for the current study that should be considered. Foremost, our resting state scan was relatively short (approximately 5 minutes), which may have reduced our ability to detect significant group differences in dynamic fcMRI. Second, patients were scanned approximately two weeks post-injury, which may have limited our ability to detect more rapidly resolving physiological processes. Future studies should consider evaluating patients more immediately post-injury.
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